Phosphate polymer-utilizing activity for the phosphorylation of glucose, mannose. fructose and fructose 6-phosphate was investigated in 12 Brevibacterium species. Almost all the species were able to phosphorylate sugars using metaphosphate as a phosphoryl donor. However, only B. pusiflum was able to phosphorylate fructose 6-phosphate to fructose 1,6-bisphosphate using pyrophosphate. The analysis of cell extracts prepared from B.pusiffum indicated that at least two enzymes were responsible for the phosphate-polymer-dependent phosphorylation of sugars and fructose 6-p hosphate. These observations indicate the important role of phosphate polymers in the phosphorylation of biological metabolites and lead one to doubt that energy or phosphorus storage is the principal function of phosphate polymers. In this communication, we present evidence that in Brevibacterium pusiffum, phosphate polymers are able to replace ATP in the energy-requiring reactions of glycolysis. Table 1 ) were grown in a nutrient medium comprising glucose (1 %, w/v), yeast extract (1 %, w/v), meat extract (1 %, w/v) and peptone (1 %, w/v) (pH 7.0) at 30 "C for 24 h with reciprocal shaking. The cells were harvested, washed once with chilled 0.85% (w/v) NaCl, resuspended in 5.0 mM-Tris/HCI buffer (pH 7.0) containing 1.0 mM-dithiothreitol and 30% (w/v) glycerol (Tris/DTT/glycerol) and sonicated at 90 kHz for 10 min at 0 "C. The resulting cell extracts were centrifuged at 25000g for 30 min and the clear supernatants were dialysed against Tris/DTT/glycerol at 4 "C overnight.
I N T R O D U C T I O N
Evidence accumulated in recent years has stongly suggested the possible replacement of ATP by phosphate polymers in many energy-requiring reactions of aerobic and anaerobic bacteria (Harold, 1966) and various types of plant cells. Murata et af . (1980a) have demonstrated a metaphosphate-dependent phosphorylation of NAD+ in many strains of Brevibacterium and Micrococcus. Tryon & Pollack (1 984) have detected a pyrophosphate-dependent phosphorylation of purine nucleosides to the corresponding nucleotides in Achofepfasma faidfawii. A pyrophosphate-dependent phosphofructokinase activity has also been detected in a parasitic amoeba (Reeves et af., 1974) , a bacterium (O'Brien et al., 1975) and in pineapple leaves (Carnal & Black, 1979 ) and a number of other plants (Sabularse & These observations indicate the important role of phosphate polymers in the phosphorylation of biological metabolites and lead one to doubt that energy or phosphorus storage is the principal function of phosphate polymers. In this communication, we present evidence that in Brevibacterium pusiffum, phosphate polymers are able to replace ATP in the energy-requiring reactions of glycolysis.
METHODS
Cultivation andpreparation of cell extracts. Brevibacterium species (see Table 1 ) were grown in a nutrient medium comprising glucose (1 %, w/v), yeast extract (1 %, w/v), meat extract (1 %, w/v) and peptone (1 %, w/v) (pH 7.0) at 30 "C for 24 h with reciprocal shaking. The cells were harvested, washed once with chilled 0.85% (w/v) NaCl, resuspended in 5.0 mM-Tris/HCI buffer (pH 7.0) containing 1.0 mM-dithiothreitol and 30% (w/v) glycerol (Tris/DTT/glycerol) and sonicated at 90 kHz for 10 min at 0 "C. The resulting cell extracts were centrifuged at 25000g for 30 min and the clear supernatants were dialysed against Tris/DTT/glycerol at 4 "C overnight.
DEAE-cellulose column chromatography. To separate the phosphate-polymer-dependent activities, the cell extracts were applied to a DEAE-cellulose column ( 5 x 15 cm) equilibrated with Tris/DTT/glycerol; proteins were eluted with a linear gradient of 0-1 M-NaCl in the same buffer (total vol. 400 ml) at a flow rate of 2 ml min-' (fraction vol. 2 ml).
Enzyme assays. For the assay of phosphate-polymer-and ATP-dependent activities, 1.0 ml of a reaction mixture containing phosphoryl donor, phosphoryl acceptor, 2.5 mM-MgCl,, 50 mM-Tris/HCl buffer (pH 7.0) and cell extract (1.0 mg protein ml-I) was incubated at 37 "C. As phosphoryl donors, 2.0% (w/v) sodium metaphosphate, 0001-3074 0 1986 SGM 2.0% (w/v) sodium polyphosphate, 10 mM-sodium pyrophosphate and 10 mM-ATP were used. As phosphoryl acceptors, 100 mM-glucose, 100 mM-mannose, 100 mM-fructose and 10 mwfructose 6-phosphate were used. Metaphosphate (a mixture of ring phosphate polymers) and polyphosphate (a mixture of linear phosphate polymers) were from Nakarai, Kyoto, Japan. The reactions in the absence of phosphoryl acceptors were taken as controls. After incubation for 1 h, reactions were terminated by immersing the test tube in boiling water for 5 min. Sugar phosphate esters formed were determined enzymically. Glucose 6-phosphate, fructose 6-phosphate and fructose 1,6-bisphosphate were determined according to the method of Latzco & Gibbs (1972) . Mannose 6-phosphate was determined by the method of Sapico & Anderson (1967) . Activity was expressed as pmol sugar phosphate ester formed h-I (mg protein)-'. Protein was determined by the Lowry method.
RESULTS A N D DISCUSSION
Phosphorylation of various sugars and fructose 6-phosphate by cell extracts prepared from Brevibacteriurn species is summarized in Table 1 . The activities of all the enzymes tested were proportional to reaction time (up to 90 min) and protein concentration (up to 2.0 mg ml-I) when assayed using cell extracts of B . pusillurn (Fig. 1) . The linearity of reaction rate against reaction time and protein concentration was also confirmed with ATP as phosphoryl donor (data not shown). Almost all the species tested phosphorylated sugars (glucose, mannose, fructose) using metaphosphate as sole phosphoryl donor. ATP was also utilized as a phosphoryl donor, but the ATP-dependent activities were somewhat lower than those observed with metaphosphate. ATP added to the reaction mixture in the absence of phosphoryl acceptors was degraded by cell extracts of B. pusillurn at a rate of 3.2 pmol h-I (mg protein)-'. Therefore, the low ATPdependent activities seemed to be due to the hydrolysis of ATP during the reaction. In good agreement with the observations of Murata et al. (1978; 1980b) , pyrophosphate and polyphosphates were completely inert as phosphoryl donors for the phosphorylation of sugars, indicating that metaphosphate is more biologically active than polyphosphate. Metaphosphate was without effect in the phosphorylation of fructose 6-phosphate. Of the strains tested, only B. pusillurn showed a considerably higher activity toward fructose 6-phosphate phosphorylation when pyrophosphate was used as a phosphoryl donor.
We considered that in B.pusi11urn phosphate polymers were able to replace ATP in the energyrequiring reactions of glycolysis. To analyse the phosphate-polymer-dependent activities, cell extracts of B. pusillurn were fractionated on a DEAE-cellulose column (Fig. 2) . Metaphosphatedependent sugar phosphorylating activities were separated into two peaks (I and 11). The distribution pattern of pyrophosphate-dependent fructose 6-phosphate-phosphorylating activ-
Protein concn (mg ml-l) Fig. 1 . Dependence of reaction rates on reaction time and protein concentration. The phosphorylation of sugars (glucose, mannose, fructose) and fructose 6-phosphate by cell extracts of B. pusillurn using metaphosphate and pyrophosphate, respectively, was determined. The amounts of sugar phosphate esters formed were plotted as a function of (a) reaction time (protein concentration 1.1 mg ml-I ), and (6) protein concentration (reaction time 1 h). 0 , Metaphosphate-dependent glucose phosphorylating activity; A, metaphosphate-dependent mannose phosphorylating activity; A, metaphosphatedependent fructose phosphorylating activity; 0, pyrophosphate-dependent fructose 6-phosphate phosp horylating activity .
Fraction no. Fig. 2 . Separation of phosphate polymer-dependent phosphorylating activities by DEAE-cellulose column chromatography. Cell extracts prepared from B. pusillurn were fractionated on a DEAEcellulose column and activity in each fraction was determined as described in Methods. ---, NaCl concentration; 0, Azso ; ., metaphosphate-dependent glucose phosphorylating activity; A, metaphosphate-dependent fructose phosphorylating activity; A, metaphosphate-dependent mannose phosphorylating activity; 0, pyrophosphate-dependent fructose 6-phosphate phosphorylating activity .
ity was very similar to those of metaphosphate-dependent activities, suggesting that B. pusillurn cells contain at least two distinct enzymes capable of phosphorylating sugars and fructose 6-phosphate, respectively .
The substrate specificity of the enzyme in peak I was studied and compared with that of the enzyme in peak I1 (Table 2 ). Despite the different phosphoryl donors, the activities of the enzyme in peak I for mannose, fructose and fructose 6-phosphate were approximately one-half the activity for glucose. On the other hand, the activities of the enzyme in peak I1 for mannose and fructose were almost the same as that for glucose, and activity for fructose 6-phosphate was N . OKAMOTO AND OTHERS Table 2 . Substrate speciJicity of the enzymes in peaks I and II Substrate specificity of the enzyme in peaks I and I1 was determined as described in Methods. The eluates from a DEAE-cellulose column (Fig. 2) (fraction no. 45 for peak I and fraction no. 70 for peak 11) were used as enzyme sources after storage at -20 "C overnight. The results presented in Fig. 2 and Table 2 pose three problems. (1) The enzymes in peaks I and I1 catalyse the same phosphorylation reactions. What are the molecular and functional differences between the enzymes? (2) The enzymes in peaks I and I1 utilize both phosphate polymers and ATP as phosphoryl donors. Is it possible to separate phosphate-polymerdependent activity from the ATP-dependent one? (3) The metaphosphate used was a mixture of ring phosphate polymers with various M , values. Are the intrinsic substrates for sugar phosphorylations the same as this or different? The study of these problems is in progress.
Thus, in B. pusillum phosphate polymers appear to function as potent phosphoryl donors for the phosphorylation of glycolytic substrates. Organisms of the genus Brevibacterium are utilized for the industrial production of amino acids, nucleic acid bases, nucleosides and nucleotides. The elucidation of the function of phosphate polymers in these strains might, therefore, provide some novel information relating their high capacity for producing useful compounds to phosphate-polymer-dependent energy transduction. The study of the function of phosphate polymers may also provide some information as to the evolution of energy carriers preceding ATP.
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